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Recent studies suggest a possible takeover of host antimicrobial autophagy machinery by positive-stranded
RNA viruses to facilitate their own replication. In the present study, we investigated the role of autophagy in
coxsackievirus replication. Coxsackievirus B3 (CVB3), a picornavirus associated with viral myocarditis, causes
pronounced intracellular membrane reorganization after infection. We demonstrate that CVB3 infection
induces an increased number of double-membrane vesicles, accompanied by an increase of the LC3-II/LC3-I
ratio and an accumulation of punctate GFP-LC3-expressing cells, two hallmarks of cellular autophagosome
formation. However, protein expression analysis of p62, a marker for autophagy-mediated protein degradation,
showed no apparent changes after CVB3 infection. These results suggest that CVB3 infection triggers autopha-
gosome formation without promoting protein degradation by the lysosome. We further examined the role of the
autophagosome in CVB3 replication. We demonstrated that inhibition of autophagosome formation by 3-methyl-
adenine or small interfering RNAs targeting the genes critical for autophagosome formation (ATG7, Beclin-1, and
VPS34 genes) significantly reduced viral replication. Conversely, induction of autophagy by rapamycin or nutrient
deprivation resulted in increased viral replication. Finally, we examined the role of autophagosome-lysosome fusion
in viral replication. We showed that blockage of the fusion by gene silencing of the lysosomal protein LAMP2
significantly promoted viral replication. Taken together, our results suggest that the host’s autophagy machinery is
activated during CVB3 infection to enhance the efficiency of viral replication.

Cellular autophagy is a membrane trafficking process that
leads to the degradation of long-lived cytoplasmic proteins and
excess or damaged organelles by lysosomal hydrolyases (16,
19). The hallmark of autophagy is the emergence of double-
membrane vesicles called autophagosomes, which are derived
from the elongation of crescent-shaped double-membrane
structures known as the isolation membranes, during which a
portion of the cytoplasm, including organelles, is sequestrated.
Matured autophagosomes eventually fuse with lysosomes to
degrade and/or recycle their contents. Recent research efforts
using Saccharomyces cerevisiae have greatly expanded our
knowledge on the molecular aspects of autophagy, with the
discovery of 31 autophagy-related genes (ATGs) (16). Further
research with other organisms identified orthologs for most of
the yeast ATG products, suggesting that autophagy is a highly
conserved cellular mechanism in eukaryotes (25). The forma-
tion and maturation of the autophagosome require the activa-
tion of two ubiquitin-like molecules, Atg8p (also known as LC3
[microtubule-associated protein light chain 3 in mammals])
and Atg12p, by the activating enzyme Atg7p (28). This process
is tightly regulated through the actions of various kinases,
phosphatases, and GTPases. The autophagy regulatory mech-
anisms mediated by the mammalian target of rapamycin
(mTOR), phosphatidylinositol 3-kinase (PI3K), and eukaryotic

initiation factor 2� (eIF2�) signaling pathways are the best-
characterized mechanisms of this process (5, 19).

Autophagy not only is important in cellular homeostasis but
also participates in various physiological processes, such as
responses to environmental stress, development, aging, and
tumor suppression (22). Dysfunctional autophagy has been
linked to diseases such as neurodegenerative diseases, cancer,
and heart diseases (23). In addition, autophagy plays a role in
both innate and adaptive immune responses and helps in the
clearance of intracellular microorganisms (32). For example,
induction of autophagy by rapamycin treatment has been
shown to promote clearance of Mycobacterium tuberculosis in
macrophages (9). Moreover, some viruses, such as herpes sim-
plex virus type 1, evolved to encode autophagy-blocking viral
proteins to promote their survival in host cells (36). Yet it has
also been documented that certain positive-stranded RNA vi-
ruses, such as poliovirus and rhinovirus, are able to subvert
cellular autophagy to facilitate their own replication (11).
Thus, the role of autophagy in the host seems to be dependent
on the viral strain, but its overall relevance remains controver-
sial.

Coxsackievirus B3 (CVB3), an enterovirus in the Picorna-
viridae family, is one major human pathogen causing viral myo-
carditis (14). CVB3 has a positive-stranded RNA genome
packaged in a nonenveloped icosahedral viral capsid. Like
other small RNA viruses, CVB3 is believed to require host
membrane structure for its replication. Here we explore the
role of several constituents of autophagy machinery in CVB3-
infected cells by monitoring the presence of double-membrane
vesicles and the activation of LC3. Also, we demonstrate the
effects of perturbing the autophagy pathway, using pharmaco-
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logical inhibitors or RNA interference, on viral replication. We
provide the first evidence that cellular autophagy is promoted
in CVB3-infected cells and is involved in coxsackievirus repli-
cation.

MATERIALS AND METHODS

Cell culture and materials. HeLa cells and HEK293A cells obtained from the
American Type Culture Collection were used for this study. HeLa cells were
grown in complete medium (Dulbecco’s modified Eagle’s medium [DMEM]

FIG. 1. CVB3 infection increases autophagosome formation. (A) Representative electron micrographs of sham- and CVB3-infected HeLa
(top) and HEK293A (bottom) cells at 7 h postinfection. Arrows indicate representative autophagosomes that would be scored positive in panel
B. (B) Quantitation of the numbers of autophagosomes in sham- and CVB3-infected HEK293A cells. Data shown represent the number of
autophagosomes per cell under each condition (mean � standard error [SE]). #, P � 0.001 compared to sham infection, by Student’s t test. (C) The
LC3-II/LC3-I ratio, which is a hallmark of autophagy, increases with the progression of CVB3 infection. (Left) Western blot analysis of LC3 and
viral capsid protein VP1 expression in CVB3-infected cells at various times postinfection. �-Actin expression was examined as a protein loading
control. (Right) Expression of LC3-II and LC3-I and ratio of LC3-II to LC3-I at the indicated times after CVB3 infection (means � SE; n � 5
or 7 [as indicated]). LC3 expression was quantitated by densitometric analysis using NIH ImageJ v1.37 and normalized to sham infection, which
was arbitrarily set to a value of 1.0. &, P � 0.01 compared to sham infection. (D) Representative confocal images and quantitation of
autophagosomes in GFP-LC3-transfected HEK293A cells after CVB3 infection. HEK293A cells were transfected with GFP-LC3 plasmid for 24 h,
followed by CVB3 infection. The GFP fluorescence was analyzed by confocal fluorescence microscopy. The percentage of cells with punctate
GFP-LC3 localization relative to all GFP-positive cells was calculated and is presented as the mean � SE (n � 5). #, P � 0.001 compared to sham
infection.
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supplemented with 10% heat-inactivated newborn calf serum). HEK293A cells
were maintained in complete medium with the addition of 1% nonessential
amino acids. The majority of the experiments were performed with HeK293A
cells, and critical experiments were repeated using Hela cells.

Rapamycin, ammonium chloride (NH4Cl), bafilomycin A, 3-methyladenine
(3-MA), and a monoclonal anti-�-actin antibody were purchased from Sigma. A
monoclonal anti-VP1 antibody was obtained from DakoCytomation. Beclin-1
small interfering RNA (siRNA), lysosome-associated membrane protein 2
(LAMP2) siRNA, and horseradish peroxidase-conjugated secondary antibodies

were purchased from Santa Cruz Biotechnology. A monoclonal anti-VPS34
antibody was obtained from Invitrogen. VPS34 siRNA, ATG7 siRNA, and
scramble control siRNA were obtained from Qiagen. A monoclonal anti-
Beclin-1 antibody was purchased from BD Biosciences. Polyclonal rabbit
anti-p62 was purchased from Progen. A polyclonal rabbit anti-LC3 antibody
was obtained from MBL International. A polyclonal rabbit anti-phospho-
eIF2� antibody was obtained from Cell Signaling. Polyclonal rabbit anti-
ATG7 and anti-LAMP2 antibodies were obtained from Cell Signaling and
Abcam, respectively.

FIG. 1—Continued.
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Virus infection. HeLa cells were infected at a multiplicity of infection (MOI)
of 10 with CVB3 (Kandolf strain) or sham infected with phosphate-buffered
saline (PBS) for 1 h in serum-free DMEM. The cells were then washed with PBS
and cultured in complete medium for various times until they were harvested.
HEK cells were infected in a similar fashion, but with a higher MOI of 100. For
autophagy induction, cells were either treated with rapamycin for 3 h or starved
in Hank’s balanced salt solution (137 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4,
0.8 mM Na2HPO4, 0.4 mM KH2PO4, 4.2 mM NaHCO3, 20 mM HEPES, and 1.5
mM CaCl2, pH 7.4) for 2 h prior to virus infection. For inhibition experiments,
cells were infected with CVB3 in the presence or absence of various inhibitors or
vehicle (dimethyl sulfoxide) for 1 h, washed with PBS, and then incubated with
fresh DMEM containing different concentrations of inhibitors unless otherwise
specified in the figure legends.

Plaque assay. The virus titer in the cell supernatant was determined by an agar
overlay plaque assay performed in triplicate, as described previously (34). In
brief, the supernatant from CVB3-infected cells was serially diluted 10-fold and
overlaid on a 90 to 95% confluent monolayer of HeLa cells. After 1 h of
incubation, the HeLa cells were washed with PBS, followed by overlay with 2 ml
of complete medium containing 0.75% agar in each well. The cells were incu-
bated at 37°C for 72 h and then fixed with Carnoy’s fixative (75% ethanol-25%
acetic acid) and stained with 1% crystal violet. Plaques were counted, and the
viral titer was calculated as PFU per milliliter.

Western blot analysis. After treatment, the cells were incubated with lysis
buffer (50 mM Tris-HCl, pH 7.2, 250 mM NaCl, 0.1% NP-40, 2 mM EDTA, 10%
glycerol) containing protease inhibitor cocktail (Roche) on ice for 10 min. Cell
lysates were then harvested by scraping, followed by brief sonication and cen-
trifugation at 12,000 � g for 10 min at 4°C. The protein concentration was
determined by the Bradford assay (Bio-Rad). Equal amounts of protein were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred to nitrocellulose membranes (Amersham). The membranes were
blocked for 1 h with 5% nonfat dry milk solution containing 0.1% Tween 20. The
blots were then incubated for 1 h with the primary antibody, followed by incu-
bation for another hour with a secondary antibody. Immunoreactive bands were
visualized by enhanced chemiluminescence (SuperSignal West Pico kit; Pierce).

siRNA transfection. Cells were grown to 50 to 80% confluence and then
transiently transfected with various siRNAs at a concentration of 50 to 80 nM,
using Lipofectamine 2000 (Invitrogen) or HiPerFect (Qiagen) according to the
manufacturer’s instructions. A scrambled siRNA was used as a negative control.
The silencing efficiency was detected by Western blot analyses using the respec-
tive antibodies. Forty-eight hours after transfection, cells were infected with
CVB3 as described above.

Confocal microscopy. For the detection of autophagosomes, cells were tran-
siently transfected with GFP-LC3 plasmid (a generous gift from Sharon A.
Tooze at the Cancer Research UK London Research Institute, United King-
dom), using Lipofectamine (Invitrogen). After 24 h of transfection, cells were
infected with CVB3 for 5 h, and the fluorescence of GFP-LC3 was observed
under a Leica SP2 AOBS confocal fluorescence microscope. The number of cells
with punctate GFP-LC3 localization relative to all green fluorescent protein
(GFP)-positive cells was counted (a minimum of 200 GFP-positive cells were
counted in total for each condition) and presented as a percentage, as previously
described (10).

Transmission electron microscopy. For ultrastructural analysis, HeLa cells
and HEK293A cells were sham infected or infected with CVB3 at MOIs of 10
and 100, respectively, for 5 and 7 h. Cells were fixed in 2.5% glutaraldehyde
(Polysciences Inc.) in PBS, pH 7.2, for 10 min at room temperature. Following
three washes in PBS, cells were postfixed in 1% osmium tetroxide (Polysciences
Inc.), 1% potassium ferrocyanide, 100 mM sodium cacodylate buffer, pH 7.4, for
1 h at room temperature. After several rinses in distilled water, cells were

dehydrated in a graded series of acetone washes and embedded in Eponate 12
resin (Ted Pella Inc.). Sections (70 to 80 nm) were cut and viewed on a Tecnai
12 transmission electron microscope (FEI Inc.). Approximately 15 cells were
counted, and for each cell the number of double-membrane vesicles was exam-
ined, as previously described (1). Autophagosomes were defined as double-
membrane vacuoles measuring 0.2 to 1.0 �m.

RESULTS

CVB3 infection increases autophagosome formation. To de-
termine whether CVB3 infection triggers cellular autophagy,
ultrastructural analysis was performed with sham- or CVB3-
infected HeLa and HEK293A cells. Electron micrographs of
CVB3-infected cells revealed an increased prevalence of dou-
ble-membrane vesicles in the perinuclear region compared to
that for sham-infected cells (Fig. 1A). Further quantitative
analysis (Fig. 1B) demonstrated a significant increase in auto-
phagosome-like vesicles, which were characterized as double-
membrane vesicles with a diameter of 0.2 to 1.0 �m present in
the cytoplasm, in CVB3-infected cells.

To confirm that the observed double-membrane vesicles
were indeed related to autophagy, we examined LC3 modifi-
cation, another hallmark of autophagy (17, 24). Two forms of
LC3 have been reported. In quiescent cells, LC3 resides in the
cytoplasm in a precursor form, referred to as LC3-I. However,
upon exposure to various autophagy stimuli, it is rapidly de-
graded and subsequently conjugated to phosphatidylethanol-
amine to form an LC3-phosphatidylethanolamine complex,
commonly referred as LC3-II, which participates in the forma-
tion of autophagosomes and remains attached to matured
autophagosomes (12). It has been shown that the LC3-II/
LC3-I ratio correlates well with the number of autophago-
somes (12). After CVB3 infection, Western blots were per-
formed to detect the LC3-II/LC3-I ratio, using an anti-LC3
antibody which recognizes both forms of LC3. As shown in
Fig. 1C, expression of LC3-II increased with the progression
of CVB3 infection, which was accompanied by a decrease of
LC3-I expression. The densitometry ratio of LC3-II to
LC3-I demonstrated a cumulative increase in autophago-
somes during CVB3 infection. Punctate accumulation of
LC3, which represents the recruitment of LC3 to autophagic
vacuoles, has also been suggested to be a characteristic of
autophagy (12). After CVB3 infection, we showed that GFP-
LC3-transfected cells with punctate GFP-LC3 distribution
were markedly increased (Fig. 1D), further confirming the
increased formation of autophagosomes after viral infec-
tion.

To determine the potential mechanism of induction of

FIG. 2. CVB3 infection induces eIF2� phosphorylation. Western blot analysis of phosphorylated eIF2� and �-actin (loading control) expres-
sion was performed at the indicated times postinfection. Similar results were obtained in two independent experiments.
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FIG. 3. Autophagy inhibitor 3-MA reduces CVB3 replication. (A) (Top) Western blot analysis of viral protein VP1 and �-actin (loading
control) expression 7 h following CVB3 infection, with or without 3-MA treatment, as indicated. (Bottom) VP1 expression was quantitated by
densitometric analysis using NIH ImageJ v1.37 and normalized to �-actin expression. The VP1/�-actin ratio was further normalized to the
CVB3-infected group without treatment, which was arbitrarily set to a value of 1.0. The data shown are means � SE (n � 3), and significance was
determined by Student’s t test. *, P � 0.05; #, P � 0.001 (compared to nontreated cells). (B) Plaque assay measuring the CVB3 viral progeny titers
in supernatants collected from infected cells treated with or without 3-MA. The data shown are means � SE for three independent experiments.
*, P � 0.05 compared to nontreated cells. (C) Western blot analysis of CVB3-infected cells treated with 10 mM 3-MA at different times, as
indicated.
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autophagosome formation, we examined the phosphorylation
status of eIF2� and mTOR, two key regulators that control
autophagosome formation and maturation. It has been shown
that eIF2� phosphorylation positively regulates the autophagic
pathway (36), whereas mTOR is a negative regulator of auto-
phagosome formation (5). We found that eIF2� phosphoryla-
tion was increased at 5 and 7 h postinfection (Fig. 2), corre-
sponding to an increased formation of autophagosomes in
CVB3-infected cells. However, no significant changes in the
levels of mTOR phosphorylation were observed after CVB3
infection (data not shown).

Autophagy inhibitor 3-MA reduces CVB3 replication. To
determine whether the autophagosome induction during
CVB3 infection was a host antiviral response or a viral repli-
cation mechanism, we tested the effect of 3-MA on CVB3
replication. 3-MA is a widely used selective inhibitor of au-
tophagy which blocks the formation of autophagosomes and
inhibits intracellular protein degradation without affecting pro-
tein synthesis (33). As shown in Fig. 3, treatment with 3-MA
resulted in a dose-dependent reduction of viral capsid protein
(VP1) expression (Fig. 3A) as well as in a significant reduction
in CVB3 viral progeny titer (Fig. 3B). More importantly, we
found that 3-MA treatment led to significant inhibition of viral
protein synthesis, even when it was introduced during the later
stages of the virus life cycle (Fig. 3C). This finding suggests that
autophagic machinery may not have a destructive role during

CVB3 infection and instead may play an important role in the
replication of CVB3.

Induction of autophagy enhances viral growth. To further
determine the role of autophagy, we investigated the effect of
autophagosome induction on viral protein expression. Cells
were deprived of amino acids (Fig. 4A), a condition that is
known to be able to induce autophagy (5), or treated with the
pharmacological reagent rapamycin, which has been shown to
induce autophagy by inhibiting the mTOR pathway (3) (Fig.
4B). We showed that induction of autophagy through either
nutrient deprivation or rapamycin treatment significantly in-
creased viral protein expression (Fig. 4). These results further
suggest a critical role of autophagy in the virus life cycle,
although we cannot rule out other effects that these treatments
might have on viral replication, independent of autophagy.

Knockdown of the genes critical for autophagosome forma-
tion reduces CVB replication. To extend the studies with phar-
macological agents, we employed a target-specific RNA inter-
ference approach to assess the effect of autophagosome
disruption on viral replication. Cells were transfected with
siRNAs (for ATG7, Beclin-1, and VPS34) to knock down the
genes required for different steps of autophagosome forma-
tion. The autophagy protein ATG7 is an enzyme essential for
activation of autophagosome formation and maturation ma-
chinery (16, 19). Deletion of ATG7 in mice has been shown to
result in reduced autophagosome formation and impaired deg-

FIG. 4. Induction of autophagy enhances viral replication. Western blot analysis of VP1 and �-actin expression was performed at 7 h
postinfection. (A) Prior to CVB3 infection, cells were incubated in Hank’s balanced salt solution for 2 h to induce cell starvation. (B) Cells were
pretreated with rapamycin (50 nM) for 3 h. VP1 expression was quantitated, normalized, and analyzed as described in the legend to Fig. 3 (data
are means � SE; n � 3). *, P � 0.05; #, P � 0.001 (compared to nontreated cells).
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radation of proteins and organelles induced by starvation
(20). As shown in the phase-contrast images in Fig. 5A, cells
transfected with siRNA against ATG7 displayed greater re-
sistance to CVB3 infection and maintained normal cell mor-
phology, unlike the scramble siRNA-treated cells, which
displayed severe virus-induced cytopathic effect. In addition,
ATG7 siRNA treatment also blocked viral protein synthesis
(Fig. 5B). Similarly, disruption of the class III PI3K signal-
ing complex required for autophagosome formation by
Beclin-1 and VPS34 siRNAs resulted in significant reduc-
tions in CVB3 replication (Fig. 6). Our results further
demonstrate a requirement of autophagy for effective
coxsackievirus infection.

Expression of p62 following CVB3 infection. We next exam-
ined the effect of CVB3 infection on autophagy- or lysosome-
mediated protein degradation. The protein p62 has been
considered a marker for autophagy-mediated protein degrada-
tion or autophagic flux (18). As shown in Fig. 7, inhibition of

lysosome function by bafilomycin A and NH4Cl, two pH-neu-
tralizing agents, resulted in increased expression of p62. How-
ever, protein expression of p62 was unchanged during the
course of CVB3 infection, suggesting that CVB3 infection trig-
gers increased accumulation of autophagosomes without pro-
moting protein degradation by lysosomes.

Lysosomal inhibition enhances CVB3 replication. Finally,
we investigated whether prevention of autophagosome-lyso-
some fusion promotes viral infectivity. Cells were transiently
transfected with scramble or LAMP2 siRNA for 48 h and then
infected with CVB3. We showed that knockdown of LAMP2
resulted in significant increases of viral protein expression and
virus titer (Fig. 8). LAMP2 is a lysosomal membrane protein
critical for autophagosome-lysosome fusion. Knockdown of
LAMP2 has been shown to induce the cytoplasmic accumula-
tion of LC3-associated vesicles (8). It was also reported that
LAMP2-deficient mice exhibit a massive accumulation of
autophagic vacuoles in various tissues (37). Thus, our results

FIG. 5. Gene silencing of ATG7 by siRNA inhibits CVB3 replication. (A) Representative light microscopic images of CVB3-infected cells, with
or without ATG7 siRNA transfection. (B) Western blot probing for VP1 and ATG7 expression, with or without ATG7 knockdown. VP1 expression
was quantitated, normalized, and analyzed as described in the legend to Fig. 3 (data are means � SE; n � 3). *, P � 0.05 compared to scramble
siRNA-transfected cells.
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further suggest a key role of autophagosomes in supporting
CVB3 replication.

DISCUSSION

Autophagy is an evolutionarily conserved cellular process
that spans the entire spectrum of eukaryotes. It serves a house-
keeping role in protein turnover and in the removal of dam-
aged or unnecessary organelles. It also serves an important
function in innate host defense by eliminating intracellular
pathogens. For example, it has been shown that pharmacolog-
ical induction of autophagy helps in the clearance of Mycobac-
terium tuberculosis (9) and that CD40 induction of autophagy
promotes elimination of Toxoplasma gondii from macrophages
(2). Furthermore, recent studies suggest a role for autophagy
in host adaptive immune responses through the delivery of
intracellular pathogenic antigens for major histocompatibility
complex class II presentation to CD4 T cells (32).

Successful invading pathogens have evolved various strate-
gies to evade host autophagy. For instance, some bacterial or
viral proteins, such as IcsB secreted by Shigella flexneri (27) and
ICP34.5 encoded by herpes simplex virus type 1 (36), have
been documented to block or evade cellular autophagy. Other
pathogens adopt different approaches in battling host autoph-
agic defense by subverting it to facilitate their own procreation.
In fact, several studies have shown that the autophagosome
provides an intracellular compartment that benefits the sur-
vival and multiplication of bacteria, including Porphyromonas
gingivalis, Brucella abortus, and Coxiella burnetii (32). In addi-
tion, some viruses have been reported to induce autophago-
some formation to facilitate their own replication (15, 38).

Replication of positive-stranded RNA viruses requires in-
tracellular membrane surfaces on which they assemble their
replication complexes. Colocalization of viral RNA replication
machineries with double-membrane vesicles in infected cells
has been well documented for various positive-stranded RNA

FIG. 6. Knockdown of class III PI3K components reduces CVB3 replication. (A) Western blot analysis of VP1 and Beclin-1 or VPS34
expression in CVB3-infected cells transfected with Beclin-1 (left) or VPS34 (right) siRNA prior to CVB3 infection. VP1 expression was
quantitated, normalized, and analyzed as described in the legend to Fig. 3 (data are means � SE; n � 3). *, P � 0.05 compared to scramble siRNA
control. (B) Plaque assay results for scramble or Beclin-1 and VPS34 siRNA-transfected cells (means � SE; n � 3). *, P � 0.05; #, P � 0.001
(compared to scramble siRNA-transfected cells).
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viruses, including poliovirus, rhinovirus, equine arterivirus,
murine hepatitis virus, and severe acute respiratory syndrome
virus (7, 38). Thus, it was speculated that the autophagosome,
a double-membrane vesicle, may serve as a site for viral RNA

replication. Recent studies on coronavirus and poliovirus seem
to support this notion. It was reported that murine hepatitis
virus, which belongs to the coronavirus family, colocalizes with
the ubiquitin-like autophagy proteins (LC3 and Atg12p) and that
viral replication is impaired in autophagy knockout (Atg5	/	)
embryonic stem cell lines (31). Additionally, poliovirus proteins
have been shown to colocalize with a cotransfected GFP-LC3
protein (11). Stimulation of autophagy increases the poliovirus
yield, and inhibition of the autophagosomal pathway decreases
the viral yield (11). Despite this exciting observation, recent
data on the role of autophagy in positive-stranded RNA virus
infection remain contradictory. A recent report showed that
infection of rhinovirus type 2, a member of the picornavirus
family, does not induce autophagosome formation (4). That
paper further reported that neither induction nor inhibition of
autophagy affects viral protein production. In addition, using
ATG5-deficient cells, it was recently demonstrated that ATG5
and an intact autophagic pathway are not required for the
replication of murine hepatitis virus (40). These studies chal-
lenge the view that the autophagosome is a common cellular
component utilized by positive-stranded RNA viruses to facil-
itate their replication.

These discrepancies of the reported data prompted us to ex-
plore the role of autophagy in coxsackievirus infection in this
study. We report here that CVB3 infection induces the formation
of double-membrane vesicles with concurrent LC3 lipidation. We
further showed that manipulation of the host autophagy pathway
by pharmacological compounds or target-specific RNA interfer-
ence resulted in significant alterations in the outcome of CVB3

FIG. 7. Expression of p62 is not affected by CVB3 infection.
(A) Western blot analysis of p62, a marker of autophagic protein degra-
dation activity, in cells treated with the lysosome inhibitors bafilomycin A
(BFLA; 0.1 �M) and NH4Cl (2.5 mM) for 16 h. (B) Expression of p62 in
CVB3-infected cells at the indicated times after virus infection. Similar
results were obtained in two independent experiments.

FIG. 8. Lysosomal inhibition enhances CVB3 replication. (A) Western blot analysis of VP1 and LAMP2 expression in CVB3-infected cells
transiently transfected with scramble or LAMP2 siRNA. VP1 expression was quantitated, normalized, and analyzed as described in the legend to
Fig. 3 (data are means � SE; n � 3 or 4 [as indicated]). (B) Virus titer in scramble or LAMP2 siRNA-transfected cells, determined by plaque assay
(mean � SE; n � 3). *, P � 0.05 compared to scramble siRNA control.
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replication. We demonstrated that inhibition of signaling path-
ways or autophagy genes critical for autophagosome formation
reduces viral protein expression and the viral progeny titer.
Conversely, increasing the cellular number of autophagosomes
prior to viral infection by cellular starvation, rapamycin treat-
ment, or lysosomal inhibition promotes viral replication.
Taken together, our data suggest that the host double-mem-
brane autophagosome is likely utilized by CVB3 to facilitate its
own replication.

As alluded to earlier, the process of autophagosome forma-
tion is tightly controlled. The serine/threonine protein kinase
mTOR is one of the key regulators and negatively controls
autophagosome formation (5). Class I PI3K is the traditional
upstream activator of mTOR. In addition, it has been shown
that mTOR can be regulated by intracellular amino acids and
ATP, independent of class I PI3K activation. ATP depletion or
specific inhibition of mTOR by rapamycin has been shown to
activate autophagy, whereas the addition of amino acids inhib-
its this process. In this study, we showed that levels of mTOR
phosphorylation were unchanged after CVB3 infection, sug-
gesting that CVB3-induced autophagy is not triggered by
mTOR dephosphorylation.

In contrast, eIF2� kinase positively regulates autophagy in
response to nutrient deprivation and viral infection. eIF2�
kinase plays a key role in translation inhibition under various
stress conditions, through phosphorylation of eIF2�. Restric-
tion of herpes simplex virus growth has been linked to such a
function of eIF2� phosphorylation (26). Recently, the eIF2�
kinase signaling pathway was also shown to promote autophagy
induced by nutrient deprivation or rapamycin treatment, likely
through a mechanism that induces LC3 conversion (21, 36).
Our present study demonstrates that eIF2� is phosphorylated
after CVB3 infection, suggesting a potential signaling mecha-
nism for CVB3-induced autophagosome formation. It is un-
clear how eIF2� phosphorylation occurs during CVB3 infec-
tion. One explanation could be that double-stranded RNA
formed from a CVB3 intermediate activates double-stranded
RNA-dependent protein kinase and subsequently leads to
eIF2� phosphorylation.

Class III PI3K complexes also play a crucial role in the early
steps of autophagosome formation. In mammalian cells, the
autophagic protein Beclin-1 (a homologue of yeast ATG6)
forms the class III PI3K complex with VPS34, a class III PI3K,
at the trans-Golgi network (13, 39). This complex promotes
autophagosome formation by supplying phosphatidylinositol
3-phosphates to the preautophagosome membrane (35). It has
been shown that 3-MA blocks the formation of autophago-
somes by inhibiting the activity of class III PI3K (3, 29). We
demonstrates that 3-MA blocks CVB3 infection, which is in
agreement with our previous report that inhibition of PI3K by
LY294002 suppresses CVB3 replication (6). LY294002 is an
inhibitor of both class I and class III PI3K and has also been
shown to be a potent autophagy inhibitor (3).

Although the specific mechanism by which the autophago-
some is utilized during coxsackievirus replication in host cells
has not been elucidated, it is likely that, as demonstrated for
poliovirus (11), the autophagosome provides a physical scaf-
fold where the coxsackieviral complex may reside and viral
RNA synthesis may occur. Furthermore, LC3 has been iden-
tified to be a binding protein of an AU-rich RNA element in

the 3
-untranslated region of fibronectin mRNA, which facili-
tates the recruitment of RNA to polyribosomes for translation
(41). Perhaps AU-rich element-containing viruses, such as
CVB3, which carries an AU-rich element in the 3
-untrans-
lated region (30), also adopt LC3-docking double-membrane
vesicles as the sites of viral protein translation through the
recruitment of polyribosomes. It is plausible to speculate that
autophagosome double-membrane vesicles not only act as sites
of viral RNA synthesis but also take an active role in CVB3
protein synthesis by bridging the nascent viral RNA with
polyribosomes through LC3.
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